The adsorption of the ruthenium based dye molecules, cisdi(thiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylate)ruthenium(II) (N3), to nanocrystalline TiO 2 (anatase) was studied. Adsorption and desorption kinetics were measured. Effective adsorption isotherms and desorption isotherms were then obtained. A two-step dye adsorption mechanism is postulated where initial binding of N3 is with one carboxylate, with subsequent binding of two or more carboxylate groups. Dye (N3) coverage effects on the photon to current conversion efficiencies were investigated by measuring the photocurrent action spectra and the optical absorbance of nanocrystalline TiO 2 films sensitized with various N3 coverages. The incident photon to current efficiency (IPCE) and the absorbed photon to current efficiency (APCE) showed abrupt increases at a coverage just above 0.3 monolayers. In order to explain the nonlinear increases in the IPCE and the APCE, the onset of a hole hopping mechanism was proposed where at greater than 30% coverage hole transfer between adjacent N3 molecules becomes possible. This percolation of holes through the N3 network facilitates the regeneration of oxidized N3 molecules by redox species (I -) in the matrix of nanoporous structure resulting in the sudden increases in the IPCE and the APCE. Other mechanisms for this effect, including a role of N3 clusters in two-electron oxidation of I -, are also discussed.
Introduction
Dye sensitized nanocrystalline anatase solar cells have generated much recent interest due to advances in both their efficiency 1, 2 and stability 3 . Despite progress in the efficiency and stability of these solar cells there are many fundamental aspects of their operation that are still unknown. The detailed structure of the dye/semiconductor interface is a central problem for which there is little information. Recent publications have discussed some theoretical aspects of the binding of the favored ruthenium complex sensitizers to the anatase surface. [4] [5] [6] Another fundamental process, for which there is limited information, is the regeneration reaction between the photooxidized dye and the iodide ion that is commonly used to regenerate the adsorbed dye.
Herein we report studies of the adsorption and desorption kinetics of N3 to nanocrystalline anatase films. At long adsorption times the isotherm for the adsorption of N3 to the film is then determined and compared with a "desorption isotherm". Insights into the structure of the dye/semiconductor interface are obtained and are discussed in terms of models for the adsorption process. Knowing the optimal N3 dye coverage for efficient solar conversion is important because the relatively expensive N3 dye may be a large contributor to the total cost of sensitized nanocrystalline TiO 2 solar cells. The optimal dye coverage can be found by probing the quantum yield of the TiO 2 films sensitized at various N3 coverages. Diffuse reflectance spectroscopy is then used to measure the absorbance of the film in the visible region of the spectrum. The absorbance coupled with the measurements of the quantum yields, as a function of dye coverage and wavelength in a photoelectrochemical device, allows us to calculate the quantum yields per absorbed photon (APCE) at all wavelengths and at various dye coverages. The dependence of APCE on wavelength and dye coverage is obtained and discussed as it relates to the regeneration process of oxidized dye molecules.
Experimental
Nanocrystalline TiO 2 films were prepared by spreading a colloidal TiO 2 solution on conductive transparent indium tin oxide (ITO) coated glass. The TiO 2 colloidal solution was prepared as described in the literature as Method B.
2 TiO 2 powder (P25, Degussa; 3 g) was ground in a mortar with water (1 ml) containing acetylacetone (0.1 ml). After the TiO 2 particles were dispersed by the applied shear forces, the viscous solution was diluted with water (4 ml). Then, a surfactant (Triton X-100, Aldrich; 0.05 ml) was added. The ITO-coated glass was covered with two parallel adhesive tapes 1 cm apart to control the thickness and the area of the TiO 2 film (1.8 cm X 1.0 cm). The colloidal solution was applied between the tapes on the ITO-coated glass by rolling a glass rod on the surface. After air drying, the TiO 2 film was fired at 500 °C for 1 hour. The average film thickness was measured to be 13 µm from a scanning electron micrograph. in acetonitrile) was injected to the space between the electrodes with a syringe.
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The action spectra of the TiO 2 films sensitized at various N3 coverages were taken using a Newport 75W tungsten halogen lamp, Jarrel-Ash 0.25-m monochromater, and PAR 174 Polarographic Analyzer linked to a computerized control and data acquisition system. The absorbance of nanocrystalline TiO 2 films with various N3 coverages was measured with diffuse reflectance spectroscopy (Hitachi U-3501 spectrophotometer) due to the high scattering of TiO 2 nanoparticles.
Results and Discussion
N3 Adsorption and Desorption. concentrations. The initial fast adsorption rate from a 0.16mM N3 solution was followed by a much slower adsorption rate. This trend was also observed but less apparent at lower concentrations. Stirring the N3 solutions did not affect the adsorption rates, which suggests that diffusional limitations were not important in the adsorption of N3 onto nanocrystalline TiO 2 for these N3 concentrations.
Equilibration was reached after about 60 h for all the N3 concentrations since no further adsorption was observed after this time. The Figure 2 shows the desorption of N3 into pure ethanol solutions as a function of time for samples where the initial adsorption was from various N3 concentrations. A fast desorption of N3 was also observed in the first 10 h for all samples. Equilibration was reached after about 350 h for all the samples since no further desorption was observed after this time. The ratio of the quantity of the desorbed N3 to the initially adsorbed N3 was calculated for all samples, and these values are shown in Table 1 . Interestingly, the ratio of the desorbed N3 to the initially adsorbed N3
became greater as the quantity of the adsorbed N3 increased. Assuming that equilibrium conditions are achieved in the adsorption and desorption experiments, the isotherms for adsorption and desorption of N3 were obtained ( Figure 3 ).
Although many of the assumptions inherent in the Langmuir isotherm are not valid, such as the equivalence of all sites and independence of the occupation of sites with coverage, the experimental data were fit to a Langmuir adsorption isotherm (dashed line in Figure 3 ), as stated by equation 1,
where θ is the fractional coverage, K is the adsorption constant, and C is the concentration of N3 in solution. The best fit was obtained with K = 2. Figure 3 also shows that the isotherm measured for the desorption process is different from the isotherm measured for the adsorption process, bringing the assumption of equilibrium conditions into question .
Model for N3 Binding to Nanocrystalline TiO 2 .
---The binding of N3 to a nanocrystalline TiO 2 film has been studied by other groups 8, 9 . The three possible coordination modes of the carboxylates were discussed in their studies. Those coordinations are unidentate (ester-like linkage) 8 , bidentate chelating or bridging (i.e. two Ti 4+ sites bound to one carboxylate) 9 . We are interested in how many 
Strongly bound Less strongly bound
According to the scheme a N3 molecule attaches to the TiO 2 surface first with one carboxylate (N3 surf(1) ) followed by the second carboxylate (N3 surf (2) ). The forward rate in the first step is much greater than the back rate. The large difference in the rates is consistent with the initial fast adsorption. The initial fast adsorption can be explained as the rapid binding of one carboxylate of a N3 soln to a Ti 4+ site on the TiO 2 surface in the N3 surf(1) mode. The difference between the forward and back rates in the second adsorption step is also very large. This stability is similar to the well known "chelate effect" in metal complex chemistry.
In other words, the probability of simultaneous dissociation of two carboxylates is very low. Also, it is quite unlikely that two carboxylates bind simultaneously to TiO 2 surface, so we favor a sequential binding of the two carboxylates. The two-step binding mechanism is consistent with the observation that the ratio of the amount of desorbed N3 to the amount of initially adsorbed N3 becomes greater as the coverage increases (Table 1) . At a higher coverage more N3 8 molecules are bound with one carboxylate because of the difficulty of finding a second binding site due to blockage of surface sites by adjacent N3 molecules.
Consequently, a greater ratio of the adsorbed N3 desorbs from TiO 2 . This explanation is also dependent on a limited surface mobility of the bound N3 molecules.
Desorption kinetics from anatase films were compared between rapidly and slowly adsorbed N3. The rapid adsorption was carried out by using a concentrated N3 solution while the slow adsorption was done by using a less concentrated N3 log(1/R) N3 = log(1/R) N3/TiO2 -log(1/R) TiO2 [2] The resulting wavelength dependence is shown in Figure 6 .a. To analyze the difference in the absorption coefficients for N3 between the solution form and the adsorbed form, the absorbances of N3 in ethanol and N3 anchored to a TiO 2
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surface were compared at 534, 600, 650, and 700 nm. (Figure 6 .b) The concentrations (mols/1000 cm 3 ) of N3 anchored to a TiO 2 surface were calculated from the quantities of the adsorbed N3, the area of the TiO 2 film (1.8 cm X 1.0 cm), and the thickness of the film (13 µm). Figure 6 .b indicates that the absorption coefficients of both forms are within the same order of magnitude (10000 M ) and becomes smaller as the N3 coverage increases since more light is initially absorbed.
Dye Coverage Effects on Absorbed Photon to Current Efficiency. ---The incident photon to current efficiency (IPCE) can be expressed as the multiplication of three terms.
where LHE is the light harvesting efficiency, φ inj is the quantum yield of charge 1 2 injection, and η c is the efficiency of collecting the injected charge at the back contact. 2 The light harvesting efficiency (LHE) is the fraction of the incident photons that are absorbed by N3 and is given by LHE(λ) = 1 -10 -Abs( λ) [4] where Abs is the optical absorbance of the N3 adsorbed to TiO 2 . 1 The product of φ inj and η c is the absorbed photon to current efficiency (APCE). Therefore, APCE can be calculated from the following equation,
The absorbed photon to current efficiency (APCE) of each film was calculated 
where ε is absorption coefficient, c is the N3 concentration, and x is the distance from the film surface. The majority of electrons generated by short wavelength light are present near the illuminated surface that is also a back contact. On the other hand, electrons generated by longer wavelength light are distributed more
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evenly from the illuminated surface to the back side of the film. Consequently, a larger fraction of the electrons generated by longer wavelength light must travel longer paths to the back contact than ones generated by shorter wavelength light. Longer paths result in more trapping 11 and recombination of the electrons injected to TiO 2 conduction band, and subsequently lower APCEs.
(2) The electrons generated by longer wavelength light may have a smaller driving force for transport to the back contact than ones generated by shorter wavelength light. The driving force for electron movement in the film is from diffusion due to the electron concentration gradient in the film since there is no space charge field inside of nanocrystalline TiO 2 12 . The less strongly absorbed long wavelength light produces a smaller electron concentration gradient near the back contact, resulting in a smaller driving force for the collection of electrons generated near the contact. Again more trapping and recombination occur for electrons generated by longer wavelength light, resulting in the lower APCE.
The lower APCE at low dye coverages can be explained by several scenarios:
(1) Back electron transfer from the TiO 2 conduction band to the redox species (I 3 -)
may be faster at low N3 coverages because more TiO 2 surface is exposed to the redox species. This assumes that the exchange current for I -/ I 3 -reaction is higher on the TiO 2 surface rather than through mediation by N3 complexes.
(2) N3 clusters may be necessary for two electron oxidation of I -( i.e. 3I
------> I 3 -+ 2e -). The oxidation of I -to I 3 -without generating high energy free iodine radicals requires adjacent oxidation sites and coupling of the adsorbed one-electron transfer intermediates to form I-I bond as occurs on clean Pt electrodes. If iodide oxidation is mediated by adsorbed N3, then the coupling reaction needs adjacent N3 molecules to avoid free iodine radicals. Hence, the regeneration of oxidized N3 is less efficient at low N3 coverages.
(3) The electron path to back contact is longer at lower dye coverages since the light penetrates more deeply into the TiO 2 film. Longer electron paths may result in a lower APCE as previously described for the long wavelength effect.
(4) The driving force for the transport of the injected electrons to the back contact may be smaller at a low coverage. This was also previously described by the electron concentration profiles in a TiO 2 film for the long wavelength effect.
(5) The injection efficiency of electrons from adsorbed N3 into the TiO 2 conduction band may be lower at low coverages. We see no reason why this should be true, and recent experiments by Willig et al. 13 have shown that the injection efficiency is independent of dye coverage. of the nanocrystalline solar cell, the diffusion of I -has been assumed to be we expect that the tortuous path for I -diffusion through the TiO 2 nanocrystalline film will considerably hinder the diffusion. The resulting iodide concentration polarization in the nooks and crannies within the nanoporous film should inhibit the regeneration of dye molecules bound to the surface in these regions unless there is some mechanism to help the regeneration. We propose that one mechanism can be a hole hopping through the N3 molecular network. We propose that thus network is formed at about 0.05 µmol N3 coverage, close to a percolation threshold.
Assuming that full coverage of a TiO 2 film corresponds to 0.16 µmol (from the adsorption isotherm), the onset of the hole transport mechanism appears at about 30 % of the full coverage. A lower than theoretical percolation threshold may be the result of the condition that only local networks need to exist, that is, percolation through the entire film is not necessary.
A phenomenon similar to the hole hopping was discussed in recent publications 15, 16 .
Bonhôte et al. studied a phosphonated triarylamine adsorbed on a nanocrystalline metal oxide film and explained their results with lateral electron transport inside the monolayer of the triamine molecules. 15 The percolation threshold for the lateral electron transport was reported to be about 50 % of the full coverage.
Trammell and Meyer studied an osmium complex adsorbed on a nanocrystalline TiO 2 film and reported electron transfer in the monolayer of the osmium complexes. 16 The percolation threshold for this system was found to be about 60 % of the full
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coverage. Yet, another group reported that some ruthenium complexes grafted on nanocrystalline layers do not display lateral charge transport, at least not to a comparable extent. 17 The APCE dependence on dye coverage and the abrupt enhancement of the APCE at around the 0.05 µmol dye coverage may not be a consequence of a single mechanism but a combination of the scenarios described above. Especially, the role of N3 clusters in two electron oxidation of I -, as was discussed as scenario (2), is equally reasonable with the hole hopping mechanism in order to rationalize the abrupt increases. For the clarification of the mechanism, further experiments are needed.
Conclusions
The observed adsorption and desorption behavior suggests a two-step adsorption mechanism for the binding of N3 to nanocrystalline TiO 2 . The difference between the adsorption isotherm and "desorption isotherm" is consistent with a two-step adsorption mechanism. The dye coverage dependence of the IPCE and APCE shows an abrupt increase in these parameters at about 30 % dye coverage. The abrupt increase in the IPCE and the APCE suggests the possibility of limited regeneration of the oxidized N3 at low coverages. The limited regeneration may be due to the limited diffusion of the reducing species in the matrix of a nanoporous TiO 2 film. In order to explain the abrupt increase at 30 % coverage, the onset of a hole hopping mechanism at the coverage was proposed as well as (a) Figure 6 . Absorbance spectra (log(1/R)) of N3 adsorbed to a nanocrystalline TiO 2 film at various coverage(a). Adsorbed N3 is black circles: 0.15 µmol; white circles: 0.12 µmol; black triangles: 0.056 µmol; white triangles: 0.017 µmol; crosses: 0.006 µmol. (b)Absorbance (log(1/R)) of adsorbed N3 and absorbance (A) of N3 in ethanol at certain wavelengths. Black circles: at 534 nm; white circles: at 600 nm; black triangles: at 650 nm; white triangle: at 700 nm; black circle line: at 534 nm; white circle line: at 600 nm; black triangle line: at 650 nm; white triangle line: at 700 nm. The published value 1.42 x 10 4 M -1 cm -1 was used for the absorption coefficient of N3 in ethanol at 534 nm. 2 The absorption coefficients at 600, 650, and 700 nm were obtained from an absorption 
